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Triggered single photon emitters based on stimulated parametric scattering in weakly
nonlinear systems
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We introduce a scheme of single photon emission based on four-wave mixing in a three mode system
with weak Kerr-type nonlinearity. A highly populated lower energy mode results in strong stimulated
scattering of particle pairs out of the central mode, which consequently limits the central mode
occupation. Thus, the system can be reduced to a χ(2) nonlinear medium with greatly enhanced
interaction constant. As a model setup we consider dipolaritons in semiconductor microcavities.
Using the master equation approach we show strong antibunching under continuous wave pump,
which largely exceeds the conventional blockade mechanism. Finally, using a pulsed excitation we
demonstrate theoretically a triggered single photon emitter in a weakly nonlinear system with 33%
emission probability.
PACS numbers: 42.65.Lm,42.50.Dv,71.36.+c
Single photons [1] are an important resource for quan-
tum information technologies [2, 3], making their pro-
duction an ultimate challenge of modern quantum optics.
Ideally, they can be generated on-demand with high fi-
delity, device stability, high repetition rate and without
post-selection constraints.
Schemes for single photon generation require an opti-
cal nonlinearity, which makes the energy spectrum an-
harmonic in the particle number. This sensitivity can
allow the presence of a single photon to block the reso-
nant injection of another [4]. However, a necessary con-
dition is that the strength of the nonlinear interaction
between two photons exceeds significantly the dissipa-
tion rate (linewidth). These values are typically simi-
lar in atom-cavity [5, 6] and semiconductor systems [7],
where the photon blockade was confirmed experimentally.
A strong blockade was seen in superconducting circuits,
where the nonlinear interaction strength is exceptionally
strong [8]. Also, the triggered emission of single photons
has been achieved in quantum dot [9–13], atomic [14]
and molecular [15] systems, and p-n junction turnstile
devices [16].
Despite these advances, there is still room for improve-
ment in emission quality and efficiency, given the high
requirements for quantum applications. A recent theo-
retical attempt [17] at blockade enhancement was based
on an unconventional mechanism of quantum interfer-
ence [18, 19] in weakly nonlinear coupled mode systems,
where an optical nonlinearity is much smaller than a de-
cay rate of a cavity mode. While originally intended for
use in coupled micropillar systems [20], similar effects are
now being considered in quantum dot cavities [21], cou-
pled optomechanical cavities [22, 23], dipolaritons [24],
doubly resonant microcavities [25], photonic molecules,
and passive nonlinear cavities [26–28]. A limitation of
the scheme is the presence of a fast oscillation in the
unequal time second order correlation function, g2(τ),
which places a strong requirement on the time resolution
of detection. Other possible directions to achieve sin-
gle photon emission in weakly nonlinear systems exploit
optomechanical setups at criticality [29, 30].
In this work we introduce an alternative route towards
the enhancement of single-photon statistics in a weakly
nonlinear optical system. We consider three general
modes with a Kerr-type nonlinearity and phase matching
so as to allow a parametric scattering (four-wave mix-
ing) of particle pairs from the middle mode to upper and
lower modes [Fig. 1(a)]. The lower mode of the system
is strongly excited, while the middle mode of the system
is only weakly excited. The result is a strong limita-
tion of the population of the middle mode, since if there
are ever two particles in the middle mode they imme-
diately undergo parametric scattering, which is strongly
stimulated by the lower mode amplitude. The system
can be envisioned as an effective χ(2) nonlinear system
where conventional parametric photon blockade can be
realized [31]. Here, the condition of strong nonlinearity
can be removed by enhancement of the bare interaction
due to large occupation of the lower mode.
As a realistic setup for the proposal we consider a sys-
tem of dipolaritons [32] — mixed modes of strongly cou-
pled cavity photon, direct exciton, and indirect exciton
modes. They can be realized in a double quantum well
embedded in a semiconductor microcavity [32, 33], and
are useful for various applications [34–36]. The presence
of exciton-exciton interactions allows for parametric scat-
tering between dipolariton modes [36], and their energy
can be easily controlled by an external electric field. Us-
ing the parameters of currently existing dipolariton sam-
ples, we calculate the second order coherence function for
the middle mode, showing that strong antibunching can
be realized even for modest values of nonlinearity. Ad-
ditionally, we demonstrate the triggered emission of sin-
gle photons under pulsed excitation of the middle mode,
which are available with high efficiency (> 30%) and rep-
etition rate (GHz).
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FIG. 1: (color online) (a) Sketch of the energy levels of the
system, showing the parametric scattering between modes.
The first mode is strongly driven by the coherent pump P1
and is macroscopically occupied. The second mode is weakly
driven by the coherent pump F2. (b) The relevant Fock states
corresponding to the |n2n3〉 = |n2〉⊗|n3〉 subspace, where the
doubly occupied photon level of the aˆ2 mode is coupled to the
singly occupied aˆ3 mode level, with coupling strength α.
Finally, we note that our model has a wide range of
other possible physical realizations, including arrange-
ments using coupled photonic crystal fibers [37] and cav-
ities [38, 39], subwavelength grated resonators [40, 41],
and planar semiconductor microcavities, where paramet-
ric scattering was observed [42–46].
Generalized model. We consider a generic system of
three modes coupled by a parametric interaction in the
form of four wave mixing. The Hamiltonian of the system
reads
Hˆ =
∑
i=1,2,3
Eiaˆ
†
i aˆi + α0
(
aˆ†2aˆ
†
2aˆ1aˆ3 + aˆ
†
1aˆ
†
3aˆ2aˆ2
)
(1)
+F2(aˆ
†
2e
−iEF2t/~ + h.c.) + P1(aˆ
†
1e
−iEP1t/~ + h.c.),
where aˆi (i = 1, 2, 3) are annihilation operators of three
distinct bosonic modes with energies Ei. The second
term describes parametric scattering between modes with
an interaction constant α0. The last two terms in Eq.
(1) stand for the coherent pumps of the second mode
(F2) and first mode (P1) [Fig. 1(a)]. The driving en-
ergies are defined as EF2 and EP1, respectively. The
time dependence from Hamiltonian (1) can be conve-
niently removed by performing the unitary transforma-
tion Hˆ(new) = Uˆ†(Hˆ − i~∂t)Uˆ , where the unitary opera-
tor reads Uˆ(t) = exp{−i[EP1aˆ†1aˆ1 + EF2aˆ†2aˆ2 + (2EF2 −
EP1)aˆ
†
3aˆ3]t/~}. The transformed Hamiltonian yields
Hˆ =
∑
i=1,2,3
∆iaˆ
†
i aˆi + α0
(
aˆ†2aˆ
†
2aˆ1aˆ3 + aˆ
†
1aˆ
†
3aˆ2aˆ2
)
(2)
+F2(aˆ
†
2 + aˆ2) + P1(aˆ
†
1 + aˆ1),
where detunings of the modes are ∆1 = E1−EP1, ∆2 =
E2 − EF2, and ∆3 = E3 + EP1 − 2EF2.
We consider the pump of the first mode P1 to be strong,
meaning that large occupation of the low energy mode
can be achieved. In this case the system can be lin-
earized using the substitution aˆi 7→ 〈aˆi〉+ δaˆi, where 〈aˆi〉
denotes the quasiclassical field of mode i, and δaˆi denotes
the annihilation operator of a quantum fluctuation. We
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FIG. 2: (color online) g
(2)
22 (0) plotted as a function of dimen-
sionless parametric scattering rate α/κ for ∆2 = ∆3 = 0.
Blue solid curve corresponds to cw coherent pump F2/κ = 0.1.
Dashed line shows the classical value of g
(2)
22 (0) = 1 corre-
sponding to a coherent optical source.
are interested in the situation where the bare parametric
scattering constant α0 is much smaller than the pumping
rate P1 and the characteristic decay rate of the first mode
κ1, and the parametric scattering condition is satisfied
(∆2,3 = 0). In this case the occupation of the lower mode
can be calculated as n1 = 〈aˆ†1aˆ1〉 = P 21 /[∆21 + (κ1/2)2].
The numerical simulation for dynamical equations for
amplitudes 〈aˆi〉 shows that with zero pump detuning
∆1 and P1/κ1 = 30, the lowest mode occupation is
n1 ≈ 3.6 × 103, while the amplitudes of the second and
third modes are negligible, 〈aˆ2,3〉 ≈ 0. This allows us to
approximate the first mode by a quasiclassical amplitude
〈aˆ1〉 = √n1 and reduce the consideration to the weakly
occupied quantum modes aˆ2 and aˆ3. The Hamiltonian
(2) then becomes:
Hˆ′ =
∑
i=2,3
∆iaˆ
†
i aˆi + α
(
aˆ†2aˆ
†
2aˆ3 + aˆ
†
3aˆ2aˆ2
)
+ F2(aˆ
†
2 + aˆ2),
(3)
where we subtracted the non-relevant overall energy shift
coming from macroscopic occupation of the first mode.
The parametric scattering (now an effective three wave
mixing) between the second and third modes is enhanced
by the square root of the occupation of the first mode,
α = α0
√
n1. This allows one to manipulate the coupling
controlling the pump amplitude P1, and increase the cou-
pling by several orders of magnitude.
We start by considering the reduced two mode sys-
tem given by Hamiltonian (3). This system was stud-
ied previously in Ref. [31], however for a different
setup represented by a doubly resonant photonic crys-
tal cavity, where enhancement of the parametric inter-
action is absent. In order to study the single photon
emission from the second mode, we calculate the sec-
ond order correlation function g
(2)
22 (τ) = 〈aˆ†2(t)aˆ†2(t +
τ)aˆ2(t+ τ)aˆ2(t)〉/(〈aˆ†2(t)aˆ2(t)〉〈aˆ†2(t+ τ)aˆ2(t+ τ)〉). This
can conveniently be done using the master equation ρ˙ =
−i~−1[Hˆ′,ρ]+ Lˆρ for the density matrix ρ, where Lˆρ =∑
i κi(aˆiρaˆ
†
i − {aˆ†i aˆi,ρ}/2) corresponds to the Lindblad
superoperator, accounting for decay of the modes κi [17].
Considering weak continuous wave (cw) coherent
3pump F2/κ = 0.1, we calculate the steady state zero de-
lay coherence function g
(2)
22 (0) as a function of enhanced
interaction constant α/κ (κi ≡ κ, i = 1, 2, 3). We
find that in general non-classical photon statistics can be
reached for small detunings, and note that the strongest
antibunching can be achieved when ∆2,3 = 0. Setting an
optimal zero detuning, corresponding to efficient para-
metric scattering, and considering the weak pump limit
F2/κ ≪ 1, the second-order coherence function at zero
delay can be derived analytically using the trial wave
function approach [18, 22]:
g
(2)
22 (0) =
1
1 + 8α2/κ2 + 16α4/κ4
. (4)
This closely matches the results of master equation sim-
ulation shown in Fig. 2, where reduction of the second-
order coherence to zero value at large parametric cou-
pling is revealed (blue solid curve). This behavior resem-
bles the conventional photon blockade case, requiring the
condition 2α/κ > 1, while keeping the enhancement of
initial nonlinearity α = α0
√
n1.
The origin of induced single photon emission can be
understood from the sketch in Fig. 1(b). The paramet-
ric coupling solely acts on the two-photon level of the
pumped second mode, transferring particles to the third
mode. Namely, the amplitude for the |20〉 level reads
A20 = iκ/(2
√
2α)A01, showing that two photon occupa-
tion N20 = |A20|2 can be made sufficiently small compar-
ing to N01 = |A10|2, once large coupling α is present.
Next, we proceed with proposing a specific physical
setup where the described stimulated single photon emis-
sion can be realized.
Dipolariton system. We consider a system of coupled
quantum wells placed inside a semiconductor microcav-
ity, as considered in Refs. [32] and [35]. The Hamiltonian
of the system can be divided into linear and nonlinear
parts, Hˆ = Hˆ0 + Hˆint. The linear part of the Hamil-
tonian contains the bare energies of the cavity photon
(EC), direct exciton (EDX) and indirect exciton (EIX)
modes, which are represented by field operators aˆ, bˆ and
cˆ, respectively:
Hˆ0 = EC aˆ†aˆ+ EDX bˆ†bˆ+ EIX cˆ†cˆ
+Ω
(
aˆ†bˆ+ bˆ†aˆ
)
− J
(
bˆ†cˆ+ cˆ†bˆ
)
, (5)
where Ω and J are the direct exciton-photon light-matter
coupling and direct-indirect exciton tunneling coupling,
respectively.
The nonlinear part of the Hamiltonian reads
Hˆint = αD bˆ†bˆ†bˆbˆ+ αI cˆ†cˆ†cˆcˆ+ αDI bˆ†cˆ†bˆcˆ, (6)
where αD, αI and αDI , represent the strength of inter-
actions between pairs of direct excitons, pairs of indirect
excitons, and direct-indirect exciton pairs, respectively.
The evolution of the system is given by the master equa-
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FIG. 3: (color online) (a) Dependence of g
(2)
22 (0) on the occu-
pation N2 for the three mode (solid) and single mode block-
ade (dashed). (b) Dependence of g
(2)
22 (0) on the pump de-
tunings ∆1 = E1 − EP1 and ∆2 = E2 − EF2, plotted for
low pump intensity F2. The solid lines show the conditions
∆2 + c1|ψ1|
2 = 0 and ∆3 + c2|ψ1|
2 = 0, where the optimum
antibunching occurs at their intersection. The dashed curves
show contours in the average occupation of the upper mode.
tion for the density matrix:
i~
dρ
dt
= [H,ρ] + iΓC
2
(
2aˆρaˆ† − aˆ†aˆρ− ρaˆ†aˆ) (7)
+
iΓX
2
(
2bˆρbˆ† + 2cˆρcˆ† − (bˆ†bˆ + cˆ†cˆ)ρ− ρ(bˆ†bˆ+ cˆ†cˆ)
)
,
where dissipation has been introduced in the Lindblad
form where ΓC and ΓX are the decay rates of cavity pho-
tons and excitons respectively (for simplicity, we assume
that direct and indirect excitons have the same decay
rate).
The linear part of the Hamiltonian, H0, can be diag-
onalized by introducing the dipolariton field operators,
Aˆi:
aˆ = V11Aˆ1 + V21Aˆ2 + V31Aˆ3, (8)
bˆ = V12Aˆ1 + V22Aˆ2 + V32Aˆ3, (9)
cˆ = V13Aˆ1 + V23Aˆ2 + V33Aˆ3, (10)
where Vij are the matrix elements of eigenvectors, corre-
sponding to dipolariton Hopfield coefficients [47].
Using this substitution and Eqs. (8)–(10), the Hamil-
tonian written in the basis of lower (Aˆ1), middle (Aˆ2)
and upper (Aˆ3) dipolaritons becomes:
Hdpl =
∑
j=1,2,3
EjAˆ
†
i Aˆi +
(
c1Aˆ
†
2Aˆ2Aˆ
†
1Aˆ1 + c2Aˆ
†
3Aˆ3Aˆ
†
1Aˆ1
)
+ c3Aˆ
†
2Aˆ
†
2Aˆ2Aˆ2 + c4Aˆ
†
3Aˆ
†
3Aˆ3Aˆ3 + c5Aˆ
†
2Aˆ
†
3Aˆ2Aˆ3
+ c6
(
Aˆ†2Aˆ
†
2Aˆ3Aˆ1 + Aˆ
†
3Aˆ
†
1Aˆ2Aˆ2
)
(11)
+ P1(Aˆ
†
1e
−iEP1t/~ + h.c.) + F2(Aˆ
†
2e
−iEF2t/~ + h.c.),
where Ej are the eigenenergies of H0, and cj are given
4by:
c1 =4αDV
2
12V
2
22 + 4αIV
2
13V
2
23 + αDI (V12V23 + V22V13)
2 ,
c2 =4αDV
2
12V
2
32 + 4αIV
2
13V
2
33 + αDI (V12V33 + V32V13)
2 ,
c3 =4αDV
4
22 + αIV
4
23 + αDIV
2
22V
2
23,
c4 =4αDV
4
32 + αIV
4
33 + αDIV
2
32V
2
33,
c5 =4αDV
2
22V
2
32 + 4αIV
2
23V
2
33 + αDI (V22V33 + V32V23)
2
,
c6 =2αDV
2
22V12V32 + 2αIV
2
23V13V33,
+ αDIV22V23 (V12V33 + V32V13) . (12)
The last line of Hamiltonian (11) corresponds to the
strong drive of lower dipolariton mode with intensity
|P1|2 and energy EP1, and the weak coherent pumping
of middle dipolariton mode of |F2|2 intensity at energy
EF2. It is assumed that EF2 is tuned close to E2 and far
from E1 and E3 so as to cause a direct excitation of the
middle branch only.
Performing the unitary rotation in order to eliminate
the time dependence of the Hamiltonian (11), similarly
to the generic model introduced in the previous section,
and assuming the strong pump amplitude for the lowest
dipolariton mode (P1 is much greater than the character-
istic decay rate of the modes), we can write the effective
dipolariton Hamiltonian:
Heff =
∑
j=2,3
∆jAˆ
†
i Aˆi +
(
c1Aˆ
†
2Aˆ2 + c2Aˆ
†
3Aˆ3
)
|ψ1|2 (13)
+ c3Aˆ
†
2Aˆ
†
2Aˆ2Aˆ2 + c4Aˆ
†
3Aˆ
†
3Aˆ3Aˆ3 + c5Aˆ
†
2Aˆ
†
3Aˆ2Aˆ3
+ c6
(
Aˆ†2Aˆ
†
2Aˆ3ψ1 + Aˆ2Aˆ2Aˆ
†
3ψ
∗
1
)
,
where ψ1 denotes the classical amplitude for the macro-
scopically occupied lower dipolariton mode, and |ψ1|2 =
N1 corresponds to its occupation number. The detun-
ings are ∆2 = E2 − EF2, ∆3 = E3 + EP1 − 2EF2, and
∆1 = E1 − EP1. We note that the last term in Eq. (13)
is of the same form as the generic parametric interaction
term considered in Eq. (3).
The master equation becomes
i~
dρ
dt
= [Heff ,ρ] (14)
+
∑
j=2,3
iΓj
2
(
2AˆjρAˆ
†
j − Aˆ†jAˆjρ− ρAˆ†jAˆj
)
,
where ρ now represents the density matrix on the reduced
subspace spanned by modes Aˆ2 and Aˆ3. The decay rates
of the modes are given by Γj = V
2
j1ΓC +
(
V 2j2 + V
2
j3
)
ΓX .
We consider the realistic dipolariton system with the
following parameters [32]: ~/ΓC = 2.5 ps, ~/ΓX =
500 ps, αD = 0.004 meV, αI = 0.016 meV, αDI =
0.008 meV, ψ1 = 50, Ω = 6 meV, J = 3 meV,
EDX − EIX = 9 meV, EC − EIX = −9 meV, with a
micropillar sample diameter being 2 µm. The last pa-
rameters, being detunings between modes, can be con-
trolled by the applied electric field which modifies the
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FIG. 4: (color online) Time delay dependence of g
(2)
22 (τ ) (solid
traces) and N2(τ ) (dashed traces) under continuous wave (a)
and pulsed (b) excitation. The pulse duration was set to 50
ps and the pulse repetition rate to 1 µs.
energy of the indirect exciton EIX . From this we can de-
duce the effective parameters cj and Γj , which are given
by c3 = 0.0143 meV, c4 = 0.0035 meV, c5 = −0.0027
meV, c6|ψ1|2 = −1.7256 meV, Γ2 = 0.0072 meV and
Γ3 = 0.0207 meV.
The variation of the second order correlation func-
tion of the middle polariton mode with zero time delay
g
(2)
22 (0) on the mode occupation 〈Aˆ†2Aˆ2〉 ≡ N2 is shown
in Fig. 3(a). It reveals the strong dependence of the co-
herence properties on the pump strength F2/κ, showing
that high fidelity of the single photon emission source can
be achieved. For the considered lower mode occupation
values of g
(2)
22 (0) are several orders lower than in the case
of the single mode conventional blockade (where ψ1 = 0
and ∆2 = 0).
The variation of g
(2)
22 (0) with the pump detunings ∆1 =
E1−EP1 and ∆2 = E2−EF2 is shown in Fig. 3(b). The
optimum point can be reached by varying the two laser
detunings. The white dashed contours show the occupa-
tion N3, indicating that the antibunching in the middle
polariton mode is associated with parametric scattering
to the upper (and lower) polariton modes.
The second order correlation function with non-zero
time-delay is shown in Fig. 4 under both continuous wave
[Fig. 4(a)] and pulsed [Fig. 4(b)] excitation of the middle
mode. In contrast to mechanisms of antibunching based
on quantum interference, there are no fast oscillations in
g
(2)
22 (τ) under continuous wave pumping and time resolu-
tion on the order of hundreds of picoseconds would be suf-
ficient for detection of the effect. Under pulsed operation,
g
(2)
22 (τ) remains close to zero throughout the duration of
each pulse, indicating that no more than one photon is
emitted per pulse. The short lifetime of the system al-
lows the time of single photon emission to be determined
to an accuracy of ∼ 200 ps and the device can be oper-
5ated with repetition rates on the order of gigahertz. In
the same time we underline that the demonstrated single
photon emission source is a probabilistic one, with fidelity
of SPE given by the occupation probability of the anti-
bunched mode (around 33%). Moreover, analyzing the
data from Fig. 3(a) we find that the emission probabil-
ity of the source can be increased to 45%, while keeping
reasonably low second-order coherence g(2) < 0.1.
Finally, we note that while spontaneous emission of
photons occurs from all dipolariton modes, we are only
interested in the antibunched output of the middle mode.
Therefore, a spectral filtering shall be used in order to
observe the devised single photon emission.
To conclude, we have proposed a scheme of single
photon emission based on three parametrically coupled
modes. Under strong pump of the lowest energy mode,
we showed that a weakly pumped middle mode can emit
anti-bunched light even for a small value of bare non-
linearity. This can be explained reducing the system to
an effective χ(2) nonlinear setup with enhanced paramet-
ric interaction. Considering the system of dipolaritons,
we have shown that strong antibunching can be observed
for the realistic setup with a weak nonlinearity. Finally,
we demonstrated that controlling the intensity of a weak
pump a triggered single photon emitter can be realized.
We thank I. A. Shelykh for useful discussions. O.K. ac-
knowledges support from FP7 ITN NOTEDEV network,
FP7 IRSES project POLATER, and Eimskip fund. T.L.
acknowledges support from the Lee Kuan Yew Endow-
ment Fund.
[1] A. J. Shields, Nature Photon. 1, 215 (2007).
[2] V. Scarani, H. Bechmann-Pasquinucci, N. J. Cerf, M.
Dusˇek, N. Lu¨tkenhaus, and M. Peev, Rev. Mod. Phys.
81, 1301 (2009).
[3] E. Knill, R. Laflamme, and G. J. Milburn, Nature (Lon-
don) 409, 46 (2001).
[4] A. Imamog˘lu, H. Schmidt, G. Woods, and M. Deutsch,
Phys. Rev. Lett. 79, 1467 (1997).
[5] K. M. Birnbaum, A. Boca, R. Miller, A. D. Boozer, T.
E. Northup, and H. J. Kimble, Nature (London) 436, 87
(2005).
[6] B. Dayan, A. S. Parkins, Takao Aoki, E. P. Ostby, K. J.
Vahala, and H. J. Kimble, Science 319, 1062 (2008).
[7] A. Reinhard, T. Volz, M. Winger, A. Badolato, K. J.
Hennessy, E. L. Hu, and A. Imamog˘lu, Nature Photon.
6, 93 (2012).
[8] C. Lang et al., Phys. Rev. Lett. 106, 243601 (2011).
[9] C. Santori, M. Pelton, G. Solomon, Y. Dale, and Y. Ya-
mamoto, Phys. Rev. Lett. 86, 1502 (2001).
[10] P. Michler, A. Kiraz, C. Becher, W. V. Schoenfeld, P.
M. Petroff, Lidong Zhang, E. Hu, A. Imamoglu, Science
290, 2282 (2000).
[11] Y.-M. He et al., Nature Nano. 8, 213 (2013).
[12] M. J. Holmes, K. Choi, S. Kako, M. Arita, and Y.
Arakawa, Nano Lett. 14, 982 (2014).
[13] A. K. Nowak et al., Nature Comm. 5, 3240 (2014).
[14] A. Kuhn, M. Hennrich, and G. Rempe, Phys. Rev. Lett.
89, 067901 (2002); J. McKeever, A. Boca, A. D. Boozer,
R. Miller, J. R. Buck, A. Kuzmich, and H. J. Kimble,
Science 303, 1992 (2004).
[15] C. Brunel, B. Lounis, P. Tamarat, and M. Orrit, Phys.
Rev. Lett. 83, 2722 (1999); B. Lounis andW. E. Moerner,
Nature (London) 407, 491 (2000).
[16] J. Kim, O. Benson, H. Kan, and Y. Yamamoto, Nature
(London) 397, 500 (1999).
[17] T. C. H. Liew and V. Savona, Phys. Rev. Lett. 104,
183601 (2010).
[18] M. Bamba, A. Imamog˘lu, I. Carusotto, and C. Ciuti,
Phys. Rev. A 83, 021802(R) (2011).
[19] H. J. Carmichael, Phys. Rev. Lett. 55, 2790 (1985).
[20] M. Bamba and C. Ciuti, Appl. Phys. Lett. 99, 171111
(2011).
[21] A. Majumdar, M. Bajcsy, A. Rundquist, and J. Vucˇkovic´,
Phys. Rev. Lett. 108, 183601 (2012); A. Majumdar, A.
Rundquist, M. Bajcsy, and J. Vucˇkovic´, Phys. Rev. B 86,
045315 (2012).
[22] P. Ko´ma´r, S. D. Bennett, K. Stannigel, S. J. M.
Habraken, P. Rabl, P. Zoller, and M. D. Lukin, Phys.
Rev. A 87, 013839 (2013).
[23] X.-W. Xu and Y.-J. Li, J. Phys. B 46, 035502 (2013); V.
Savona, arXiv:1302:5937 (2013).
[24] O. Kyriienko, I. A. Shelykh, and T. C. H. Liew, Phys.
Rev. A 90, 033807 (2014).
[25] D. Gerace and V. Savona, Phys. Rev. A 89, 031803(R)
(2014).
[26] S. Ferretti and D. Gerace, Phys. Rev. B 85, 033303
(2012); S. Ferretti, V. Savona, and D. Gerace, New J.
Phys. 15, 25012 (2013).
[27] H. Flayac and V. Savona, Phys. Rev. A 88, 033836
(2013).
[28] X.-W. Xu and Y. Li, Phys. Rev. A 90, 043822 (2014).
[29] X.-Y. Lu¨, W.-M. Zhang, S. Ashhab, Y. Wu, and F. Nori,
Sci. Rep. 3, 2943 (2013).
[30] X. Xu, M. Gullans, and J. M. Taylor, arXiv:1404.3726
(2014).
[31] A. Majumdar and D. Gerace, Phys. Rev. B 87, 235319
(2013).
[32] P. Cristofolini, G. Christmann, S. I. Tsintzos, G. Delige-
orgis, G. Konstantinidis, Z. Hatzopoulos, P. G. Savvidis,
and J. J. Baumberg, Science 336, 704 (2012).
[33] G. Christmann, A. Askitopoulos, G. Deligeorgis, Z. Hat-
zopoulos, S. I. Tsintzos, P. G. Savvidis, and J. J. Baum-
berg, Appl. Phys. Lett. 98, 081111 (2011).
[34] O. Kyriienko, A. V. Kavokin, and I. A. Shelykh, Phys.
Rev. Lett. 111, 176401 (2013).
[35] K. Kristinsson, O. Kyriienko, T. C. H. Liew, and I. A.
Shelykh, Phys. Rev. B 88, 245303 (2013).
[36] K. Kristinsson, O. Kyriienko, and I. A. Shelykh, Phys.
Rev. A 89, 023836 (2014).
[37] N. K. Langford, S. Ramelow, R. Prevedel, W. J. Munro,
G. J. Milburn, and A. Zeilinger, Nature (London) 478,
360 (2011).
[38] S. Azzini, D. Grassani, M. Galli, D. Gerace, M. Patrini,
M. Liscidini, P. Velha, and D. Bajoni, Appl. Phys. Lett.
103, 031117 (2013).
[39] C. Conti, A. Di Falco, and G. Assanto, Opt. Express 12,
6823 (2004).
[40] B. Zhang, Z. Wang, S. Brodbeck, C. Schneider, M.
Kamp, S. Ho¨fling, and H. Deng, Light: Science & Ap-
plications 3, e135 (2014); doi:10.1038/lsa.2014.16.
[41] O. Kyriienko, E. A. Ostrovskaya, O. A. Egorov, I. A.
Shelykh, and T. C. H. Liew, Phys. Rev. B 90, 125407
(2014).
[42] P. G. Savvidis, J. J. Baumberg, R. M. Stevenson, M. S.
Skolnick, D. M. Whittaker, and J. S. Roberts, Phys. Rev.
Lett. 84, 1547 (2000).
[43] C. Diederichs, J. Tignon, G. Dasbach, C. Ciuti, A.
Lemaˆıtre, J. Bloch, Ph. Roussignol, and C. Delalande,
Nature (London) 440, 904 (2005).
[44] L. Ferrier, S. Pigeon, E. Wertz, M. Bamba, P. Senellart,
I. Sagnes, A. Lemaˆıtre, C. Ciuti, and J. Bloch, Appl.
Phys. Lett. 97, 031105 (2010).
[45] W. Xie, H. Dong, S. Zhang, L. Sun, W. Zhou, Y. Ling, J.
Lu, X. Shen, and Z. Chen, Phys. Rev. Lett. 108, 166401
(2012).
[46] T. Lecomte et al., Phys. Rev. B 87, 155302 (2013).
[47] T. Byrnes, G. V. Kolmakov, R. Ya. Kezerashvili, and Y.
Yamamoto, Phys. Rev. B 90, 125314 (2014).
